Poly-L-ornithine has been used to introduce DNA and RNA into mammalian cells in culture. Ornithinemediated DNA transfer has several interesting and potentially useful properties. (i) The 
Foreign DNA sequences can be introduced into mammalian cells by a variety of techniques. One group of widely used methods employs agents such as calcium phosphate (8, 40) and DEAE-dextran (22) to enhance the uptake of naked DNA by target cells. Another set of techniques uses polyethylene glycol to mediate fusion of DNA-containing protoplasts (13, 29) , erythrocyte ghosts (16, 30, 38) , or liposomes (7, 10, 19) with target cells. Finally, there are methods which permit direct physical introduction of DNA into cells by microinjection (1, 4) , iontophoresis (18) , or electroporation (26, 35, 36) . These approaches differ from each other, sometimes greatly, in the nature of the products and in the transformation procedure itself. Among the variables are efficiency of transformation for both transient and stable expression, mass of DNA incorporated, efficiency of cotransformation, tolerance of specific host cell types to the transformation treatment, limitations on the size of recipient cell populations, requirements for specialized instrumentation, and reproducibility.
In the course of another study we required a DNA transfer method that would allow high-efficiency transformation of a large number of cells and also afford a measure of control over the amount of DNA incorporated. An additional requirement was technical simplicity. We tested the capacity of several polycations to facilitate DNA transfer into cultured mammalian cells. Polycations presumably neutralize the negative charge on nucleic acids, and this may in turn facilitate the entry of DNA or RNA into the cell. Early studies of animal cell transfection by RNA viruses had shown that polycationic agents can be effective in facilitating entry of viruses as well as other macromolecules into cells in culture (14, 31) . Such agents have also proved useful in transfecting plant protoplasts (3) and the slime mold Dictyostelium discoideum (9) . In this study we found that poly-L-ornithine is an effective transformation agent for several mammalian cell lines. Additional experiments iden-* Corresponding author. tify variables that influence transformation efficiency and the amount of heterologous DNA incorporated. mRNA was also introduced into mouse L cells by this procedure. Five to 10% of these cells transiently expressed the corresponding protein product at levels sufficient to temporarily alter cellular phenotype.
MATERIALS AND METHODS
Cell culture. L a-t-cells were maintained in Dulbecco modified Eagle medium (DME) supplemented with 10% calf serum, 100 U of penicillin G per ml, and 7.5 U of streptomycin per ml. Serum lots were routinely assayed for support of DNA transformation before purchase. We commonly found variation of 1 to 2 orders of magnitude in DNA transformation efficiency among different serum lots that otherwise support growth of the host cells equally well. The L a-t-line of L cells lacks detectable thymidine kinase (TK) activity and is phenotypically negative for adenine phosphoribosyl transferase (APRT) (12) . To eliminate occasional revertants to the APRT+ phenotype, cells were maintained in medium containing 50 ,ug of diaminopurine per ml. Reversion of this cell line to the TK+ phenotype has never been observed by us, and for this reason the cells are not routinely maintained in bromodeoxyuridine. NIH 3T3 cells were grown in DME supplemented with 10% fetal bovine serum obtained from Hyclone Laboratories. The Friend erythroleukemia cells used are the semiadherent subline of the 585 APRT-line described previously (6) . They were routinely propagated in 50 ,ug of diaminopurine per ml to eliminate spontaneous APRT+ revertants. Diaminopurine was removed 5 to 7 days before DNA transformation.
Selective media of several types were used, and they included the following supplements to DME with 10% serum. The TK+ phenotype was selected in 15 ,ug of hypozanthine per ml-1 ,ug of aminopterin per ml-5 jig of thymidine per ml. The APRT+ phenotype was selected in 4 jig of azaserine per ml-15 jig of adenine per ml. Cells positive for both APRT the concentrations given above for hypoxanthine-aminopterin-thymidine and azaserine-adenine. Cells resistant to the drug G418 (GIBCO) were selected in medium supplemented with 400 ,ug of G418 per ml. Cells were fed fresh medium at 3-day intervals.
DNA. The plasmid pTk contains the herpes simplex virus type 1 (HSV) TK gene on a 3.4-kilobase BamHI fragment cloned in pBR322 (25) . pAPRT (19) The DNA-poly-L-ornithine solution was layered onto the cells: 0.3 ml/60-mm dish and 0.84 ml/100-mm dish. The dishes were then incubated with the DNA solution for 6 h at 37°C with gentle rocking at 20-min intervals to keep the monolayers moist.
At the end of DNA treatment the solution was removed, cell monolayers were washed once with buffer 1 and once with PBS, and DME with 10% calf serum was added. After 12 h selective medium was added. NIH 3T3 cells were transformed by this procedure without modification. However, to transform Friend erythroleukemia cells, the time of incubation with DNA and the temperature during DNA exposure were changed to 3 h at 31°C.
It is important to note that ornithine by itself is toxic to cells at much lower concentrations than is the mixture of ornithine and DNA. Therefore all tests for toxicity should be performed in the presence of an appropriate concentration of DNA. For some cell types, including L cells and NIH 3T3 cells, a dimethyl sulfoxide shock after exposure to the DNA-ornithine mixture (17, 34) or treatment with chloroquine (21) further increased transformation efficiency by two-to fivefold.
Transient expression of TK and APRT. Cells seeded at 1.25
x 104 cells per cm2 on 60-mm dishes were transformed as above. The monolayers were initially cultured in DME with serum. At the times indicated after transformation, the medium was removed and replaced by 2 ml of growth medium with the appropriate 3H-nucleotide added.
[3H]adenine (ICN Pharmaceuticals Inc.) at 5 p,Ci/ml for 5 h was used to detect APRT expression, and [3H]thymidine (ICN) at 10 p.CiIml for 24 h was used to detect TK expression. For most L-cell experiments, labeling was initiated 18 h after DNA treatment was concluded. Adjustments were made for the growth patterns of different cell hosts. The medium was then removed, and the plates were washed five to six times with PBS. The cells were then fixed with 2% glutaraldehyde, washed with PBS, treated with 20% ethanol, and dried. After the plates were coated with NTB emulsion (Eastman Kodak Co.), they were exposed for 2 days and developed. Preparation and blotting of DNA from cell lines. Confluent 150-mm plates were washed once with PBS, and the cells were scraped off the plates into 10 ml of PBS and pelleted. The supernatant was decanted, and the cells were suspended in 2 ml of 0.01 M Tris (pH 7.5)-0.001 M EDTA-0.4 M NaCl.
Proteinase K and sodium dodecyl sulfate were added to 200 ,ug/ml and 0.2% final concentration, and the solution was incubated for 5 to 6 h at 37°C. The DNA preparation was then extracted once with phenol, once with phenolchloroform-isoamyl alcohol (25:24:1), and twice with ether before precipitation with 2 volumes of ethanol. The DNA was digested with ribonuclease A and reprecipitated. The DNA was washed with 70% ethanol, dried, and suspended in (2, 11) with probes nick translated to specific activities >108 dpm/,ug. RNA. TK mRNA was synthesized in vitro with SP6 polymerase (Promega Biotech) as described by Krieg and Melton (15) in the presence of 5 mM diguanosine triphosphate to provide a cap structure (37) . RNA was introduced into L cells by using the protocol described above for DNA. Similar results were obtained by using DEAE-dextran to introduce RNA (32) . RESULTS 
AND DISCUSSION
The efficiency with which cells are transformed and the amount of DNA retained by these transformants is a function of two variables: the absolute concentration of DNA in the transfection mixture and the ratio of donor DNA to poly-L-ornithine. An initial experiment tested the effects of varying the donor DNA concentration at a fixed ornithine level of 10 ,ug/ml. Three different cloned genes encoding selectable functions were tested: hamster APRT, HSV TK, and G418 resistance (aminoglycoside phosphotransferase of TnS). These genes and the transformation protocol are described in Materials and Methods. Briefly, the procedure entails bathing cell monolayers in a buffered solution containing ornithine and DNA for 6 h, removing the DNA solution, and growing cells in appropriate selective media. When colonies of transformed cells surviving growth in selective medium had reached the 50-to 200-cell stage, they were fixed, stained, and counted. The transfer efficiency for each of these genes rises to a maximum of 0.5 to 2.0% of recipient cells at donor DNA concentrations of 2 to 5 ,ug/ml and subsequently decreases at higher DNA concentrations (Fig. 2 ). An initial conclusion is that at optimal DNA levels, this method yields transformants at levels similar to the highest reported levels for other well-established techniques, such as calcium phosphate precipitation (24, 28) . A distinction is that the ornithine transfers do not require the use of carrier DNA along with the cloned gene to achieve highefficiency transfer, whereas calcium phosphate does (25, 39; data not shown).
The data in Fig. 2 and in additional experiments not shown here reveal a reproducible diminution in transfer efficiency at the highest DNA levels. One possible explanation is that the ratio of ornithine to DNA is critical, and when the ornithine level becomes limiting the result is a drop in efficiency as the donor DNA concentration is increased. To explore this possibility the DNA/ornithine ratio and the absolute donor DNA concentration were independently varied. At each of four DNA/ornithine ratios, several different absolute DNA concentrations were tested. The results are presented in Fig.  3 , where the transformation efficiency is plotted as a function of the donor DNA/ornithine ratio. Each line in this figure connects datum points obtained at a constant ornithine concentration. At each ornithine level we found an optimal DNA concentration above which increased amounts of DNA resulted in a drop in transfer efficiency. In all the cases, the optimal DNA concentration corresponded to a DNA/ ornithine mass ratio of about 0.3. The donor gene in this experiment was pNeo3 (G418 resistance), but similar results have been obtained for the APRT gene (data not shown). The optimal DNA/ornithine ratio is reproducible and corresponds to a molar ratio of about one ornithine monomer per DNA base pair.
Comparison of the data at the optimal ratio in Fig. 3 shows that higher absolute DNA levels yield appreciably more transformants than do low DNA doses. Additional data illustrating the effect of different donor DNA levels at the optimal DNA/ornithine ratio are shown in Fig. 4 retained extends from about 3 kb in some single-copy transformants to as much as 300 kb in high-copy transformants.
The experiment described above was performed at the optimal DNA/ornithine ratio, but we have also examined the DNA content of transformants produced at suboptimal ratios with respect to the efficiency of transformation (Fig. 3) . The donor DNA concentration was varied between 1.2 and 20 ,ug/ml while the omithine concentration was held constant at 17 ,ug/ml. These conditions correspond to low, optimal, high, and very high DNA/ornithine ratios. The DNA blot in Fig. 6b shows that the amount of DNA sequence acquired parallels the variations in transformation frequency observed earlier. Thus at DNA/ornithine ratios that are substantially lower or higher than the optimum, fewer transformants arise, and they retain less new sequence. Relationship between total DNA concentration for two selectable markers and the transformation efficiency. Two selectable, unlinked markers, pAPRT (A) and pTK (U), were cotransformed into L cells at a 1:1 molar ratio. Transformed cells were then evaluated for expression of each gene alone or both genes together (0). low-copy conditions described above showed that four of seven contain a single copy of the donor gene while two others contain two copies. In the case of the single-copy transformants it appears that the newly introduced DNA has been integrated into the recipient cell genome since restriction sites absent in the donor gene are found in flanking DNA (data not shown). We do not yet know whether the highcopy-number transformants carry the donor DNA integrated into the host chromosomes or in episomal form.
Cotransformation. The amount of newly introduced DNA sequence retained under some conditions (Fig. 6 ) was as high as 300 kb, and it would therefore be expected that moderate and high DNA doses would favor cointroduction of additional genes. We find that this is the case and that cointroduced genes are often expressed. A series of cotransfers were performed with two physically unlinked genes, each coding for a different selectable function. In initial experiments a 1:1 molar ratio of the two donor genes was tested. Transformed cells were then evaluated for the expression of each marker function alone and for both together. In the experiment shown in Fig. 7 , cells were transformed with a mixture of HSV TK and pAPRT DNAs at total DNA concentrations ranging from 1 to 13 pug/ml, keeping the DNA/ornithine mass ratio at 0.3. At moderate and high DNA doses, more than one-half of the cells transformed with TK were also cotransformed with APRT. Very little cotransformation was observed at the lowest donor DNA level, which favors single-copy transformation events.
DNA from cotransformed cells was analyzed by gel blotting which showed that the number of both genes increased as the DNA dose was increased. DNA was prepared from transformants selected for APRT (Fig. 7) in the absence of selective pressure for TK function. In the top panel of Fig. 8 coding sequence flanked on the 5' side by untranslated region of Xenopus beta globin and on the 3' side by the untranslated region of globin together with a poly(A) tract. The 5' and 3' untranslated regions together with the SP6 promoter reside in the vector designated SP64T (provided to us by D. Melton and co-workers). TK mRNA was introduced into TK-L cells at an RNA/ornithine ratio of 0.4. Cells that transiently became TK+ were identified by autoradiography after growth in [3H]thymidine, as described above (Fig. 5b) . Several RNA concentrations were tested ranging from 0.2 to 10 ,ug/ml. A maximum of about 10% of recipient cells became TK+ at an RNA dose of 5 ,ug/ml. Several control experiments confirmed that the TK+ cells are attributable to translation of heterologous TK mRNA. First, the SP64TTK template DNA plasmid could not transform cells to the TK+ state, as expected. In addition, ribonuclease treatment of the TK RNA before transfer eliminated all TK+ cells, whereas treatment with DNase or proteinase K had no effect.
The kinetics of TK expression after RNA transfer are shown in Fig. 9 . At the times indicated after RNA exposure was terminated, recipient cells were labeled for 18 h with [3H]thymidine. The diminution of detectable TK + cells from the population has a half time of about 8 h. This presumably reflects decay of template RNA and the TK protein synthesized from it. We do not know how much mRNA entered the cells that became TK expressers, but measurements of TK RNA levels in cells that have been permanently transformed with the HSV TK gene have shown that steady-state mRNA levels in the range of 10 to 50 molecules per cell are sufficient to render the cell TK+ (data not shown).
